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Effect of combined treatment with clozapine and metformin 
on fasting blood glucose, insulin level, and expression of the 
glucose transporter-2 (GLUT 2 ) in Sprague-Dawley rats 

Lan GAO, Gaohua WANG*, Hao LIU, Chaohui YAN 



Background: Antipsychotic medications can cause an increase in blood glucose and the development of type II 
diabetes. Metformin may ameliorate these side effects. 

Objective: Assess whether or not metformin reduces the abnormalities in glucose metabolism that occur with 
use of the antipsychotic clozapine. 

Methods: Eighteen adult Sprague-Dawley (SD) rats were divided into three groups that were intragastrically 
administered saline, clozapine (20mg/kg), or a combination of clozapine (20mg/kg) and metformin (78mg/kg) 
for 28 days. Fasting blood glucose was assessed at baseline and every seven days thereafter. The animals were 
euthanized on the 28 th day at which time aortic blood was obtained to assess blood insulin and C-peptide by 
radioimmunoassay, and pancreatic tissue samples were collected and used to determine the expression of the 
glucose transporter-2 (GLUT 2 ) by real-time polymerase chain reaction (RT-PCR) and Western Blot. 

Results: Fasting blood glucose in the clozapine group was significantly higher at the 14 th , 21 st , and 28 th day 
compared to baseline, but rats receiving clozapine and metformin only had significantly elevated levels on the 
14 th day of treatment. However, repeated measures ANOVA found no statistically significant differences in blood 
glucose levels over time between the three groups (p=0.136). Multiple comparison tests found that the mean 
insulin level in the clozapine+metformin group was significantly lower than the levels in the clozapine and saline 
groups. There were statistically significant differences in the expression of GLUT 2 mRNA (clozapine+metformin 
group < clozapine group < saline group) and in the expression of GLUT 2 protein (clozapine+metformin group, 
clozapine group < saline group). 

Conclusion: This study found a non-significant increase in fasting blood glucose in SD rats treated with clozapine 
that was partially counteracted by concurrent administration of metformin. Rats administered clozapine showed 
the expected decrease in the expression of GLUT 2 , but concurrent administration of metformin and clozapine for 
28 days did not show the expected normalization of the expression levels of GLUT 2 . 



1. Introduction 

A large number of studies have found a strong 
relationship between antipsychotic medications and 
impaired glucose metabolism and diabetes. Patients 
with psychosis who use antipsychotics for long periods 
have a higher incidence of diabetes compared to the 
general population. Incidence of impaired glucose 
metabolism varies widely across antipsychotics 
with different chemical structures.' 11 According to a 
retrospective study in 2012, clozapine and olanzapine 
were associated with the largest weight gain and the 
highest risk of abnormal glucose metabolism compared 



to other atypical antipsychotics. 121 Despite its popularity 
due to its effectiveness in difficult-to-treat patients and 
its lower incidence of extrapyramidal side-effects, tardive 
dyskinesia and elevated prolactin than other atypical 
antipsychotics, concerns about the association of 
clozapine with weight gain, increased blood glucose and 
type II diabetes 1341 has limited its clinical use. This issue 
is of particular interest in China because of the frequent 
use of clozapine as monotherapy or in combination 
with other antipsychotic agents in the treatment of 
schizophrenia. 151 

There have been several research papers about this 
issue in China. Clinical trials have demonstrated that 
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Figure 1. Flowchart of the study 




18 healthy female 8-10 week-old Sprague-Dawley rats 




Assess baseline weight and 
fasting blood glucose 




clozapine (20mg/kg) 
n=6 



clozapine (20mg/kg) 
+ metformin (78mg/kg), n=6 



saline 
n=6 



On the 7 th , 14 th , and 21 st day after starting medication re-assess fasting 
blood glucose 



On the 28 th day, re-assess fasting blood glucose, collect aortic blood and - 
after euthanizing the rats - obtain a pancreatic tissue sample 



Use real-time polymerase chain reaction 
and Western Blot to assess expression 
level of pancreatic glucose transporter-2 



Use radioimmunoassay of 
aortic blood to determine 
levels of insulin and C-peptide 



metformin can effectively reduce the side effects of 
antipsychotics (particularly those caused by clozapine 
and olanzapine) including weight gain, increased blood 
glucose and other metabolic abnormalities. For example, 
in 2007, Wu and colleagues 161 reported that metformin 
can effectively mitigate antipsychotics-induced weight 
gain and abnormal glucose metabolism and several other 
studies in China report similar findings. 17 111 A meta-analysis 
reported in 2010 1121 found that metformin can reduce 
weight, body mass index (BMI), waist circumference and 
insulin resistance, but did not reduce the incidence of 
diabetes in patients using antipsychotics. 

Animal studies can help understand the molecular 
mechanisms underlying the antipsychotic-induced 
abnormalities in glucose metabolism and the 
ameliorating effect of metformin on these side- 
effects. One such study by Zhou and colleagues 1131 found 
that clozapine suppressed insulin secretion of isolated 
pancreatic islets in rats and, thus, resulted in increased 
blood glucose. The current study compares the levels of 
several variables between three groups of rats administered 
clozapine, clozapine and metformin or saline for 28 days: 
fasting blood glucose, insulin, C-peptide, and mRNA and 
protein levels of the glucose transporter-2 (GLUT 2 ) in 
pancreatic (3 cells. 

2. Methods 

The flowchart of the experiment is shown in Figure 
1. Animals used in this study were 18 healthy female 



Sprague-Dawley (SD) rats provided by the Hunan Slack 
King Laboratory Animal Co., Ltd. The animals were 8-10 
weeks old, weighed around 190 g, and were kept in the 
Experimental Animal Center of Wuhan University (with 
natural lighting, at a room temperature 20 to 25 °C, and fed 
ad libitum). After one week of acclimation at the animal 
center, they were divided into three groups using a random 
number table (six rats in each group): the clozapine group, 
the clozapine+metformin group, and the saline group. 
There were no significant differences in the mean weights 
of the rats in the three groups. 

Based on the methods used by Cheng and colleagues, 1141 
clozapine was administered at 20 mg/kg/d. The clozapine 
used in the study was purchased (as 25 mg tablets) from 
Jiangsu Ruinian Qianjin Pharmaceutical Co., Ltd. (National 
Drug Approval Number: H32022268). The tablets were 
pulverized and added to 0.9% saline to achieve a suspension 
with a concentration of 3 mg/ml. Based on the methods 
used by Wu and colleagues, 161 metformin was administered 
at 78 mg/kg/d. The metformin used was purchased (as 
250mg tablets) from Tianjin Pacific Pharmaceutical Co., 
Ltd. (National Drug Approval Number: H12020797). 
Pulverized tablets of metformin were added to 0.9% saline 
to achieve a suspension of 22.3 mg/ml. The suspensions 
were shaken well before administration. The 5ml solution 
was administered through a 5cm-long stomach tube at 
08:00 every day for 28 days. 

This study was approved by the institutional review 
board of the Experimental Animal Center of Wuhan 
University (which meets regulations for the care of 
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experimental animals established by the Hubei provincial 
government). The authors certify that the treatment of 
animals in this study met the ethical standards specified in 
the Guidelines for Ethical Conduct in the Care and Use of 
Nonhuman Animals in Research set forth by the American 
Psychological Association. 



2.1 Measurements 

2.1.1 Fasting blood glucose 

Fasting blood glucose levels were assessed after 10-12 
hours of fasting and water deprivation at baseline and on 
the 7 th , 14 th , 21 st , and 28 th day of the study. 



2.1.2 Insulin and C-peptide 

After water deprivation and fasting for 10-12 hours on 
the 28 th day of the study, anesthesia was induced using 
20% urethane (0.6 ml/lOOg). Abdominal venous blood 
(2-3ml) was drawn and centrifuged at 3000 RPM for 10 
min. The supernatant was used to measure blood insulin 
and C-peptide using the radioimmunoassay method. 
The analyses were conducted using the 125 l-insulin 
radioimmunoassay kit and 125 l-human C-peptide 
radioimmunoassay kit purchased from Beijing Kemei 
Biotechnology Co., Ltd. 



2.1.3 GLUT 2 mRNA 

After anesthetizing the rats on the 28 th day of the study 
(above) samples of fresh pancreatic tissue were collected 
and stored at -80°C. Rat pancreatic islet cell RNA was 
extracted with Trizol and then dissolved in DEPC-H 2 0. 
The A260 nm/A280 nm value was detected with a 
spectrophotometer to determine the concentration of 
RNA. cDNA was prepared via reverse transcription of 
RNA. The polymerase chain reaction (PCR) product (5ul) 
was obtained for electrophoresis identification. 

PCR was conducted in two steps, amplification of 
P-actin and amplification of GLUT 2 . The P-actin PCR 
amplification reaction started with adding P-actin F(10 
u.M) 0.5 ul, a-Actin R (10 u.M) 0.5 ul, dNTP (2.5 mM) 2 ul, 
Ex Taq 0.25 ul, 10xEx Taq E buffer 2.5 ul, cDNA 1 ul, and 
a complementary amount of de-ionized water into a pre- 
cooled EP tube up to 25 ul. Subsequently, the following 
reactions were carried out: pre-denaturation at 94 °C for 
4min, denaturation at 94 °C for 30 s, annealing at 56°C 



for 30 s, and extension at 72°C for 25 s. The above steps 
were repeated in cycles 30 times. Final extension was 
then carried out at 72°C for 4min, followed by 4°C for 4 
min. 

The GLUT, PCR amplification reaction started with 
adding cDNA (lOx dilution) 4 u.1, GLUT 2 F (100u.M) 0.4uJ, 
GLUT 2 R (100u.M) 0.4uJ, SYBR Green / the Flourescein 
qPCR Master Mix (2X) lOuJ, and de-ionized water 5.4 
uJ sequentially into the reaction system. Subsequently, 
two cycles of pre-denaturation at 50°C for 2 min and pre- 
denaturation at 95°C for lOmin were completed; and, 
finally, 40 cycles of denaturation at 95°C for 30 s and 
extension at 60°C for 30 s were conducted. 

The mean Ct (cycle threshold) values for each reaction 
were assessed and the difference in mean Ct values (i.e., 
ACt = Ct for GLUT 2 minus Ct for P-actin) was assessed for 
each rat. The difference between the mean ACt values 
for the three pairs of groups is then computed (e.g., 
AACt[clozapine/saline]= ACt [clozapine group] minus 
ACt [saline group]). The expression 2 AACt is then used as 
the measure of the relative strength of expression of GLUT 2 
mRNA. 

The primers used in these reactions (provided by 
Genscript Co., Ltd.) are shown in Table 1. The DL2000 DNA 
Marker and Ex Taq™ were purchased from TAKARA. And 
the SYBR Green / the Flourescein qPCR Master Mix (2X) 
was purchased from Fermentas. 



2.1.4 GLUT 2 protein expression 

RIPA (radioimmunoprecipitation) lysis liquid homogenate 
was taken from each sample of pancreatic tissue. After 
measuring the protein concentration, 50 ug of total protein 
from each homogenate was used for electrophoresis with 
pre-prepared 10% SDS-PAGE (sodium dodecyl sulfate 
polyacrylamide gel electrophoresis). Electrophoresis was 
finished when the target protein had been sufficiently 
separated according to the pre-stained marker. 

To transfer to the membrane (wet transfer method), 
the target strip was cut from the gel and rinsed with 
distilled water. PVDF (polyvinylidene difluoride) membrane 
and filter paper were cut to the same size of the PAGE 
gel. After soaking in methanol for a few seconds, the 
PVDF membrane was immersed in electro-transfer 
buffer solution with the filter paper. The material was 
assembled in the following order: black plate, fiber mat, 
filter paper, gel, PVDF membrane, filter paper, fiber mat, 





















GLUT 2 F 


5'- CAATTTCATCATCGCCCTCT-3' 


1365-1384 


20 base pairs 





B-actinF 5'- TAAAGACCTCTATGCCAACACAGT -3' 1188-1165 24 base pairs 
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I. Comparison of fasting blood glucose levels 
*o groups during different time points 



Clozapine 6 
Clozapine+metformin 6 
Saline 6 



baseline 



4.42 (0.28) 
4.28 (0.42) 
4.37 (0.43) 



Fasting blood glucose (mean [sd], mmol/l) a 



7 th day 



14 th day 



21* day 



4.61 (0.53) 
4.89 (0.32) 
4.35 (0.32) 



4.90 (0.38) b 
4.80 (0.44) b 
4.70 (0.40) 



5.07 (0.55) b 
4.57 (0.38) 
4.77 (0.42) 



28 th dav 



4.85 (0.27) b 
4.55 (0.27) 
4.32 (0.45) 



and white plate; this was then put into a transmembrane 
electrophoresis box (black plate side facing the negative 
electrode) at a current of 200 mA for 110 min. The PVDF 
membrane was subsequently soaked in TBST (Tris- 
Buffered Saline and Tween 20) containing 5% skim milk 
powder and put on a shaker at room temperature for 2 
hours. Rabbit anti-glucose transporter protein-2 (GLUT 2 ) 
was diluted using the blocking solution at a ratio of 1:500. 
Then the PVDF membrane was soaked in the GLUT 2 
incubation solution, and incubated at 4 °C overnight. 

The PVDF membrane was then thoroughly rinsed 5-6 
times (5 min/rinse) with TBST. Blocking solution was used 
to dilute associated HRP (horseradish peroxidase)-labeled 
secondary antibody (1:50000) before the PVDF membrane 
was soaked in this secondary antibody incubation liquid. 
Incubation was carried out at room temperature 
on a shaker for 2 hours. The PVDF membrane was 
then again thoroughly rinsed 5-6 times (5 min/rinse) 
with TBST. An appropriate amount of ECL (enhanced 
chemiluminescence) substrate solution was added to 
each membrane, and then the membrane was incubated 
a few minutes. When fluorescent bands became visible, 
excess substrate liquid was extracted with filter paper, 
and the membrane was covered with a plastic wrap. 
Subsequently, x-ray films of the membrane were scanned 
and gradation analysis conducted. The grayscale value of 
the GLUT 2 protein divided by the grayscale value of the 
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 
protein was the measure of the relative expression level of 
the GLUT 2 protein. 

The materials for this Western Blot analysis were 
obtained from the following suppliers. GAPDH antibody 
was purchased from Hangzhou Xianzhi Biological Co., Ltd. 
Rabbit anti-glucose transporter-2 (GLUT 2 ) was purchased 
from Abeam. HRP-conjugated goat anti-rabbit secondary 
antibody was purchased from Wuhan Boster Biological 
Engineering Co., Ltd. The PVDF membrane was purchased 
from Millipore Corporation. ECL substrate solution was 
purchased from Thermo. RIPA lysis buffer and BCA protein 
concentration assay kit were purchased from Beyotime. 
X-ray film was purchased from Kodak. 



2.2 Statistical analysis 

SPSS17.0 software was used for data analysis. Means 
and standard deviations were used to describe the data, 



and the normality of distributions was tested. One- 
way ANOVA was used to compare the sample means 
across the three groups. Multiple comparisons were 
used for post-hoc pairwise comparisons. The LSD (least 
significant difference) method was used when variance 
was homogeneous, and the Games-Howell method was 
used when variance was heterogeneous. Blood glucose 
levels at different time points were compared across 
groups using repeated measures ANOVA. Significance 
level was set at p<0.05. 



3. Results 

As shown in Table 2, in the clozapine group the levels of 
fasting blood glucose at the 14 th (t=3.19, df=5, p=0.024), 
21 st (t=3.81, df=5, p=0.013), and 28 th day (t=3.31, df=5, 
p=0.021) of the study were significantly higher than at 
baseline. Similarly, in the clozapine+metformin group, 
the fasting blood glucose level at the 14 th day of the study 
was significantly higher than the baseline level (t=2.74, 
df=5, p=0.041). Interestingly, the saline group also 
showed non-significant increases compared to baseline 
in fasting blood glucose levels at the 14 th (t=1.49, df=5, 
p=0.195), and 21 st day (t=1.83, df=5, p=0.127) of the 
study. 

Despite higher fasting blood glucose levels in the 
clozapine group than in the saline group throughout 
the study, and higher levels in the clozapine group 
than in the clozapine+metformin group in the last two 
time periods (21 st and 28 th day) of the study, repeated 
measures ANOVA found that the differences in fasting 

Table 3. Comparisons of insulin and 
C-peptide levels of the three 



Insulin 
(mean [sd], 
ulU/mL) 



C-peptide 
(mean [sd], 
pmol/ml) 



Clozapine (n=6) 

Clozapine+metformin 

(n=6) 

Saline (n=6) 



2.33 (0.59) 0.425 (0.126) 
1.54 (0.40) a ' b 0.410 (0.064) 
2.55 (0.57) 0.352 (0.143) 
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Figure 2. Electrophoretic bands of B-actin mRNA and GLUT 2 mRNA of the three groups using 
real-time polymerase chain reaction (RT-PCR) 
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500bp, 250bp, lOObp 

Band: 1 Clozapine P-actin 

Band: 2 Clozapine + Metformin P-actin 

Band: 3 Saline p-actin 
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Band: M. DL2000; 2000bp, lOOObp, 750bp, 
500bp, 250bp, lOObp 

Band: 1 Clozapine GLUT 2 

Band: 2 Clozapine + Metformin GLUT 2 

Band: 3 Saline GLUT 2 



blood glucose over time across the three groups were not 
statistically significant (p=0.136). Thus this small-sample 
study did not confirm the increase in blood glucose with 
clozapine use or the suppression of the clozapine-induced 
increase in blood glucose by combined treatment with 
clozapine and metformin. 

As show in Table 3, after 28 days of intragastric 
administration of medications or saline, insulin levels were 
significantly different across the three groups (F=4.13, df=2, 
p=0.037).Themean insulin level in theclozapine+metformin 
group was significantly lower than in the saline group 
(p=0.032) or the clozapine group (p=0.020). Among the 
three groups, the mean C-peptide level was the lowest 
in the saline group, followed by the clozapine+metformin 
group and the clozapine group; however, these differences 



did not reach statistical significance. 

The results of the RT-PCR assessment of the expression 
of GLUT 2 mRNA and the Western Blot assessment of the 
expression of GLUT 2 protein are shown in Figures 2 and 
3, respectively. As shown in Table 4, at the 28 th day of the 
experiment there were statistically significant differences 
in the levels of pancreatic GLUT, mRNA across the three 
groups (F=3306.85, df=2, p<0.001): GLUT 2 mRNA levels 
in the clozapine group and the clozapine+metformin 
group were significantly lower than in the saline group 
(p<0.001), and the level in the clozapine+metformin 
group was significantly lower than that in the clozapine 
group (p<0.001). Table 4 also shows that the expression 
levels of the GLUT 2 protein were significantly lower in 
the clozapine group and the clozapine+metformin group 



Figure 3. Results from Western Blot of GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase, left image) and GLUT2 (glucose transporter-2, right image) 
of the three groups 




Each group has two bands. From left to right, the groups are saline group, clozapine group, and 
clozapine+metformin group. 
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than in the saline group (p<0.001), but the difference 
in the GLUT 2 protein expression in the clozapine and 
clozapine+metformin groups were not statistically 
significant. 



I. Expression of pancreatic glucos 
transporter-2 (GLUT 2 ) mRNA i 
i of the three groups 




Clozapine 

Clozapine+ 
metformin 

Saline 



Expression 
level of GLUT 



0.993 (0.027) 3 0.500 (0.072) 3 
0.804 (0.010) a ' b 0.427 (0.069) 3 
1.993 (0.037) b 0.779 (0.094) b 




4. Discussion 
4.1 Main findings 

In this study, we found a non-significant increase in 
fasting blood glucose levels in rats during 28 days of 
continuous intake of clozapine compared to rats given 
saline. After 28 days, the C-peptide and insulin level 
in rats administered clozapine were not significantly 
different from rats given saline, but the expression of 
GLUT 2 mRNA and GLUT 2 protein were significantly lower 
in the clozapine-treated rats than in the saline-treated 
rats. These results are consistent with a large number of 
related studies. Studies have shown that antipsychotic 
medications may interfere with the functioning of 
glucose transporters on the cell membrane and that the 
inhibition of glucose transporters is associated both with 
hyperglycemia and diabetes. Moreover, the inhibition of 
glucose transporters caused by clozapine is much greater 
than that caused by risperidone. 1141 Clozapine serves as a 
partial antagonist of DA receptors, 5-HT1A receptors, al 
receptors, and M receptors, and it may also elevate leptin 
levels, which leads to increased appetite, weight gain, and 
hyperglycemia. 

In this study rats treated with a combination of clozapine 
and metformin showed a peak in the fasting blood glucose 
level one week after the start of the trial, which gradually 
decreased thereafter. This may be due to the faster rate of 
metabolism of metformin compared to that of clozapine 
(90% of metformin is metabolized within 12 hours); 
metformin would, thus, take longer to achieve the steady- 
state blood level needed to realize its full potential for 
suppressing the hyperglycemic effects of clozapine. Though 
not statistically significant, this trajectory in the fasting 
blood glucose levels of the clozapine+metaformin group 
over the 28 days, combined with the significantly lower 
level of insulin in the this group after 28 days of treatment, 



suggests that metformin can reduce the elevated blood 
glucose level induced by clozapine and reduce insulin 
resistance. These results are consistent with a clinical study 
by Wu and colleagues. 171 The main mechanisms of the 
hypoglycemic effect of metformin include the promotion 
of glucose uptake in peripheral tissues, reduction of 
glycogen decomposition and gluconeogenesis, reduction 
of hepatic glucose output, inhibition of glucose absorption 
in the intestines, and the promotion of glucose utilization 
in peripheral tissues. 115161 Other possible mechanisms 
include the promotion of lipid metabolism, reduction of 
obesity, 117 181 increase in the expression of leptin receptors, 
and the restoration of leptin levels. 119 20211 

Contrary to expectations, the current study also 
found that GLUT 2 mRNA and GLUT 2 protein expression in 
the pancreatic islet P-cells of rats receiving clozapine and 
metformin was significantly lower than in the control rats 
receiving saline. This may have occurred because the 28- 
day duration of the study was not long enough for the 
up-regulation of GLUT 2 to occur or because the primary 
hypoglycemic effect of metformin is by up-regulation of 
GLUT 2 in the liver (not in the pancreas). 



4.2 Limitations 

This study has several limitations. First, due to the small 
number of animals, differences in fasting blood glucose 
over time did not reach statistical significance. Second, 
the relatively short duration of the study (28 days) made it 
impossible to assess the long-term effects of metformin on 
clozapine-induced abnormalities in glucose metabolism. 
Third, we based our decision on the appropriate dosage of 
metformin on clinical trials; more pharmacokinetic studies 
are needed to determine the appropriate dosage in rats. 
Finally, we did not test GLUT 2 expression in the liver, the 
most important site of manufacture of this transporter. 
Future studies in this area need to have larger samples, 
assess the effects over more prolonged periods, test various 
doses of metformin, and evaluate GLUT 2 expression in both 
the pancreas and the liver. 



4.3 Significance 

Diabetes and the metabolic syndrome are serious adverse 
events that affect the quality of life and treatment- 
adherence of patients who need to take antipsychotic 
medications for prolonged periods. Developing effective 
means for reducing the frequency and severity of these 
adverse reactions is an important clinical goal for psychiatry. 
Metformin is one promising agent for achieving this goal, 
but much more needs to be known about the adjunctive 
use of metformin with antipsychotic medications before 
this potential can be realized. 

Studies in animals are needed to help clarify the 
complex relationship between clozapine, metformin, 
glucose metabolism and diabetes. Our study highlights 
the complexity of these relationships and clarifies the 
need for a parallel series of animal studies and clinical 
studies to assess the appropriate use of metformin as an 
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adjunctive treatment for patients taking antipsychotic 
medications who are at risk of developing the metabolic 
syndrome. Several avenues of research are indicated: (a) 
in which patients and for which antipsychotic medications 
is metformin most likely to be beneficial?; (b) what is 
the appropriate dosage of metformin to achieve the 
desired effect while limiting the possibility of unwanted 
adverse reactions?; (c) which measures should be used 
to determine whether or not metformin is effective?; 
and (d) how long should metformin be administered to 
determine whether or not it is effective? 
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